Background: Thoracic aortic dissection (TAD) is a highly lethal cardiovascular disease. Injury to the intima and media allows pulsatile blood to enter the media, leading to dissection formation. Inflammatory cells then infiltrate the site of aortic injury to clear dead cells and damaged tissue. This excessive inflammation may play a role in aneurysm formation after dissection. Methods: Using immunohistochemistry, we compared aortic tissues from patients with acute TAD (n ‫؍‬ 11), patients with chronic TAD (n ‫؍‬ 35), and donor controls (n ‫؍‬ 20) for the presence of CD68؉ macrophages, neutrophils, mast cells, and CD3؉ T lymphocytes. Results: Tissue samples from patients with acute or chronic TAD generally had significantly more inflammatory cells in both the medial and adventitial layers than did the control samples. In tissues from patients with acute TAD, the adventitia had more of the inflammatory cells studied than did the media. The pattern of increase in inflammatory cells was similar in chronic and acute TAD tissues, except for macrophages, which were seen more frequently in the adventitial layer of acute TAD tissue than in the adventitia of chronic TAD tissue. Conclusions: The inflammatory cell content of both acute and chronic TAD tissue was significantly different from that of control tissue. However, the inflammatory cell profile of aneurysmal chronic TAD was similar to that of acute TAD. This may reflect a sustained injury response that contributes to medial degeneration and aneurysm formation.
Introduction
Aneurysm formation after thoracic aortic dissection (TAD) is a deadly cardiovascular disease and a major cause of morbidity and mortality [1] . Aortic dissections occur when pulsatile blood enters an intimal tear and causes the medial layer to split along the length of the aorta. Weakening of the aortic wall can be caused by medial degeneration, which is characterized by vascular smooth muscle cell depletion and elastic fiber depletion and fragmentation [2, 3] . Concurrently, inflammatory cells can infiltrate the injured aortic wall, clear the dead cells, remove damaged matrix proteins, and remodel the extracellular matrix [4] . However, uncontrolled inflammatory processes can lead to tissue destruction in the aorta [5, 6] , which in turn may lead to the formation of an aneurysm after aortic dissection. The role of inflammation after dissection as a cause of aneurysm formation has not been well characterized.
Previous studies have shown that CD68ϩ macro-phages [7] , neutrophils [8] , mast cells, and CD3ϩ [5, 6] and CD4ϩ T lymphocytes [9] are significantly increased in the aortic wall of patients with abdominal aortic aneurysms or ascending thoracic aortic aneurysms (TAAs) (both heritable and sporadic), as well as in patients with Type A dissections [5, 6] . However, the inflammatory infiltrates present in acute TAD and descending TAA due to chronic TAD are not well documented. In this study, we examined aortic tissues from patients with acute ascending TAD or descending aneurysms after TAD for the presence of CD68ϩ macrophages, neutrophils, mast cells, and CD3ϩ T lymphocytes in both early and late phases of the dissection. We hypothesized that chronic TAD tissues would exhibit reduced inflammation and an altered inflammatory cell profile compared to acute TAD tissues.
Materials and Methods

Study Enrollment and Tissue Collection
The institutional review board at Baylor College of Medicine approved this study. Informed written consent was obtained from all subjects. We enrolled 46 patients who underwent repair of an acute or chronic TAD and who did not have aortitis, dissection variants such as intramural hematoma or penetrating aortic ulcer, or a dissection caused by trauma. Tissue samples obtained within 14 days of TAD onset were considered acute (n ϭ 11), whereas those obtained more than 60 days after TAD onset were considered chronic (n ϭ 35); we did not enroll patients in whom tissue samples would be obtained during the subacute phase (ie, between 14 and 60 days after TAD onset). During dissection repair, we excised tissue samples from the outer wall of the false lumen. Control aortic tissues (n ϭ 20) were obtained from organ or tissue donors who had no aortic aneurysm, dissection, coarctation, or prior aortic repair and no evidence of sepsis.
Histology and Immunohistochemical Staining
Aortic tissues were paraffin-embedded and sectioned. Endogenous peroxidase activity in aortic sections was quenched by 3% hydrogen peroxide treatment. Citric acid antigen retrieval was performed. Tissue sections were blocked in 5% normal horse serum and incubated overnight with primary antibodies (Table 1) . Samples were then incubated with the appropriate biotin-conjugated anti-mouse IgG secondary antibodies (Vector Laboratories, Inc., Burlingame, CA, USA). Normal mouse immunoglobulin G (Vector Laboratories) served as the negative control for immunostaining. Inflammatory cells were visualized by using peroxidase substrate 3,3=-diaminobenzidine (DAB; Vector Laboratories), and cell nuclei were counterstained with hematoxylin (Sigma Aldrich, St. Louis, MO, USA). Image Pro-Plus 4.5 (Leica Microsystems, Bannockburn, IL, USA) was used to quantify the positive-staining inflammatory cells within the medial and adventitial layers. Three microscopic fields (400ϫ) were randomly selected from each layer for analysis. Positive-staining areas were then normalized to an observed tissue area within the same sample.
Statistical Analysis
All quantitative data are presented as the mean Ϯ standard deviation. Data were analyzed with SPSS software, version 20.0 (SPSS Inc., Chicago, IL, USA). The difference between the mean ratios of positively stained area (m 2 ) to observed tissue area (m 2 ) among the groups was compared by using the MannWhitney or Kruskal-Wallis nonparametric test with Bonferroni correction. The representative non-normal distribution of the positive-staining area was depicted by using boxplots with a five-point summary scale.
Results and Discussion
In response to aortic injury, inflammatory cells infiltrate the aortic wall to aid in tissue repair [4] . In this study, we characterized the inflammatory infiltrate observed in aortic tissues from acute and chronic TAD patients by means of immunohistochemistry; all TAD tissues showed significantly more CD68ϩ macrophages, neutrophils, mast cells, and CD3ϩ T lymphocytes in both the medial and adventitial layers as compared to the same vessel layer in aortic tissues from controls (Figs. 1A and 1B, 2A and 2B, 3A and 3B, and 4A and 4B, respectively). Moreover, we found a greater abundance of all inflammatory cell types in the adventitia than in the media (Figs. 1C, 2C , 3C, and 4C, respectively); this finding suggests that inflammatory cells infiltrate the aortic wall from the vasa vasorum into the media [10] . This increased inflammatory infil- trate at the site of either acute or chronic dissection suggests that an uncontrolled or chronic inflammatory response may contribute to aortic destruction and maladaptive remodeling of the aortic wall. Our findings support previous reports of a similar increase in inflammatory infiltrates in thoracic and abdominal aortic aneurysms [5, 6] , suggesting a possible shared mechanism of aortic degeneration among thoracic and abdominal aortic aneurysms and acute and chronic TAD.
Patient Characteristics
The clinical characteristics and demographics of the TAD patients and control donors are shown in Table 2 . Patients with acute TAD tended to be younger, and the percentage of smokers was similar across the three groups. No patient in the chronic TAD group had diabetes. As expected, the time to surgery was longer for the chronic TAD patients than for the acute TAD patients (5 Ϯ 3 days versus 1730 Ϯ 2088 days), and we had a higher number of ascending aorta samples (n ϭ 10) collected from acute TAD patients and a higher number of descending aorta samples (n ϭ 20) from chronic TAD patients. The aortic diameters were similar for acute and chronic TAD patients.
Macrophages in TAD Tissues
Macrophages are one of the most abundant inflammatory cells in the media and adventitia of abdominal aortic aneurysms (AAAs), TAA [5, 6] , and TAD tissues [5] . Because they secrete proteases such as collagenases, elastase, and matrix metallopeptidase-9 (MMP-9) that directly destroy the extracellular matrix [7] and cytokines and chemokines such as interleukin 6 (IL-6) and monocyte chemotactic protein-1 (MCP-1) that recruit cells, macrophages are instrumental in maintaining and amplifying the inflammatory cascade [11] . Using a marker for phagocytic cells, our immunohistochemical analysis showed that more areas in the media and adventitia in both acute and chronic TAD tissues stained positively for CD68ϩ macrophages than did areas of control tissues (Fig. 1A) . Although CD68 is not a macrophage-specific antigen, in this instance, sampling of the outer wall minimizes the presence of any lipid-rich regions, limiting any cross-reactivity with CD68ϩ smooth muscle cells [12] . On quantification, we also found a significant increase in CD68ϩ macrophage content in the media and adventitia of acute and chronic TAD tissues (Fig. 1B) as compared to that in control tissues. Medial macrophage content did not differ significantly between acute and chronic TAD tissues, but we found significantly higher levels of macrophages in the adventitia of acute TAD tissues than in chronic TAD tissues. In both acute and chronic TAD tissues, the adventitia contained significantly more areas that stained positive for macrophages than did the media. These find- ings support the role of macrophages in ongoing aortic tissue destruction after dissection formation.
When evaluating the potential effects of macrophages, it is important to consider the two different subpopulations of macrophages: the proinflammatory M1 macrophages and the anti-inflammatory M2 macrophages. Studies have shown that an extensive presence of the cytotoxic M1 subtype can further contribute to tissue injury and destruction because these macrophages can release reactive oxygen species and nitric oxide synthase [13] . In contrast, M2 macrophages have been shown to resolve inflammation by inhibiting T cell proliferation, phagocytizing apoptotic neutrophils, reducing the production of proinflammatory cytokines, and secreting and stabilizing matrix components [13] . Therefore, comparing the levels of proinflammatory M1 macrophages and anti-inflammatory M2 macrophages in TAD tissue could help determine whether or not a chronic inflammatory state is likely to lead to an altered tissue homeostasis dominated by destructive factors.
Neutrophils in TAD Tissues
Neutrophils are key regulators of sterile vascular inflammation [14] and are capable of secreting serine proteases, cathepsins, and reactive oxygen intermediates that can damage the extracellular matrix [8, 14] . In a mouse study, neutrophil depletion prevented AAA development [8] , suggesting that neutrophil recruitment is critical for the development of aortic aneurysms. Furthermore, doxycycline therapy has been shown to improve proteolytic balance by reducing the neutrophil content in patients undergoing elective repair of AAA [15] . In the present study, we observed an increase in neutrophil cells in the media and adventitia of both acute and chronic TAD tissues (Fig.  2B) . Our findings support those of Cohen et al. [16] , who also reported an increase in neutrophil levels in AAA. Thus, we believe that neutrophils may play a role in the inflammatory cascade after an acute dissection and that increased neutrophil levels in chronic TAD tissues could suggest ongoing vascular injury, reflecting an acute-on-chronic inflammatory response that contributes to aneurysm formation.
Mast Cells in TAD Tissues
Like macrophages and neutrophils, mast cells have been shown to play a significant role in the development of AAA. Mast cells are capable of secreting chymases, which can activate matrix metalloproteinases, and angiotensin II, both of which contribute to aneurysm formation [17, 18] . Additionally, mast cells can secrete tryptases and proinflammatory signaling factors, such as interferon-gamma (IFN␥), IL-6, and tumor necrosis factor-␣ (TNF␣), which can lead to an increase in monocyte infiltration, chemokine production, and vascular cell injury [19] . Furthermore, treatment with tranilast, a mast cell degranulation inhibitor, attenu- ates aneurysm formation [20] . In the present study, we found a significant increase in mast cells in the aortic media and adventitia of both acute and chronic TAD tissues (Fig. 3B) . Given the critical role of mast cells in vascular destruction, we believe they may be important contributors to the continued dilation and destruction of the aortic wall.
CD3ϩ T Lymphocytes in TAD
CD3ϩ T lymphocytes are capable of secreting cytotoxic mediators such as Fas/FasL and perforin, which can cause cell death and have been reported to be the most prominent inflammatory cell in the media of TAD [6] . Furthermore, CD3ϩ T lymphocyte activation can lead to the secretion of proteases that can weaken the aortic wall. For example, contact between mast cells and T lymphocytes can result in the release of MMP-9 from mast cells [21] . In the current study, we found that CD3ϩ T lymphocytes were significantly increased in the media and adventitia of acute and chronic TAD tissues compared to control tissues (Fig. 4B) . Our findings, combined with those showing increased CD3ϩ T lymphocyte levels in both sporadic and heritable ascending TAA and Type A dissections [6] , suggest that the pathogenesis of sporadic and heritable aneurysms and dissection may share a common immune mechanism.
Media versus Adventitia
In the traditional view of vascular inflammation, chemoattraction results in the movement of immune cells through the endothelium to the media. However, growing evidence indicates that the adventitia may play a more prominent role in maintaining an inflammatory response [22] . The adventitia is a major site of inflammatory cell accumulation, and an extensive infiltration of macrophages has been linked to aortic aneurysm development [23] . In this study, we found significantly more CD68ϩ macrophages, neutrophils, and CD3ϩ T lymphocytes in the adventitia than in the media in both acute and chronic cases of TAD (Figs.  1C, 2C , and 4C). The abundance of inflammatory cells in the adventitia indicates that the adventitia is a dynamic microenvironment intimately involved in aortic wall homeostasis.
Eosinophils
One cell type that was not studied was eosinophils. Eosinophils are capable of degranulating cytotoxic proteins that can damage tissue, produce superoxide and transforming growth factor-␤, and be stimulated by neutrophils to produce proinflammatory cytokines to further perpetuate an inflammatory response [24] . Despite these numerous functions, the precise role of eosinophils in causing aortic aneurysms or dissection is not well understood, although eosinophils are present in the media of acute ascending dissection, suggesting a potential role of eosinophils in causing aortic dissection [25] .
Study Limitations
Tissue samples in the TAD group were obtained from patients who had other underlying diseases in addition to the dissection, and some patients experienced dissection after aneurysm formation. Thus, patient heterogeneity and comorbidity factors may have affected the inflammatory response to dissection; however, this study was not powered to assess the clinical correlations between the degree of inflammatory infiltration and patient comorbidities. Furthermore, we evaluated only end-stage aortic tissue; the role of inflammatory cells in the early stages of the disease process needs to be studied to determine whether their presence is a contributing factor to the initial development of TAD or solely a response to aortic injury after TAD. We also did not include an analysis of tissue from the interim subacute period after acute (Ͻ14 days) and before chronic (Ͼ60 days) dissection. Although these definitions of acute and chronic are arbitrary, tissue is more friable and difficult to operate on during this time frame, suggesting that there may be an immense amount of remodeling. For this reason, one might expect there to be even larger amounts of inflammatory cells present in these subacute cases than in acute or chronic cases. Additionally, we did not delineate subpopulations of inflammatory cells. Finally, technical limitations of our analysis based on the mean ratios of positively stained area (m 2 ) to observed tissue area (m 2 ) precluded a comparison of the relative distribution between cell types. Despite these limitations, the results of our study support the important role of the inflammatory response in TAD.
Conclusion
We observed a significant increase in CD68ϩ macrophages, neutrophils, mast cells, and CD3ϩ T lymphocytes in the media and adventitia of acute and chronic TAD tissues. The pattern of increase in inflammatory cells was similar in acute and chronic dissection tissue. The significant difference between the number of inflammatory cells seen in the medial and adventitial layers suggests that the cells infiltrate the media through the vasa vasorum. Overall, this study suggests that inflammation may play a role in tissue destruction and the development of aortic aneurysm after dissection. 
